Tunable dual-wavelength operation of a diode laser system based on a tapered diode amplifier with double-Littrow external-cavity feedback is demonstrated around 800 nm. The two wavelengths can be tuned individually, and the frequency difference of the two wavelengths is tunable from 0.5 to 5:0 THz. An output power of 1:54 W is achieved with a frequency difference of 0:86 THz, the output power is higher than 1:3 W in the 5:0 THz range of frequency difference, and the amplified spontaneous emission intensity is more than 20 dB suppressed in the range of frequency difference. To our knowledge, this is the highest output power from a dual-wavelength diode laser system operating with tunable terahertz frequency difference. © 2011 Optical Society of America OCIS codes: 140.0140, 140.5960, 140.3280. Dual-wavelength diode laser systems are attractive for many applications such as dual-wavelength interferometry, optical switching, terahertz (THz) radiation generation and THz imaging [1] [2] [3] [4] [5] . Different techniques have been developed to achieve dual-wavelength operation from a diode laser system, and they mainly can be classified into two categories: (1) monolithic dual-wavelength diode lasers [6] [7] [8] [9] and (2) [15, 16] . The gain medium in the external-cavity dual-wavelength diode laser system is usually a single-mode ridge-waveguide diode laser, so the output power from these laser systems is normally a few hundred milliwatts. In a few cases, broad-area diode lasers are used as a gain medium, and more than 1:7 W output power has been achieved with fixed frequency difference [15, 16] . Because of the broad emitting aperture of broad-area diode lasers in the slow axis, these dual-wavelength diode laser systems suffer from poor beam quality in the slow axis.
Dual-wavelength diode laser systems are attractive for many applications such as dual-wavelength interferometry, optical switching, terahertz (THz) radiation generation and THz imaging [1] [2] [3] [4] [5] . Different techniques have been developed to achieve dual-wavelength operation from a diode laser system, and they mainly can be classified into two categories: (1) monolithic dual-wavelength diode lasers [6] [7] [8] [9] and (2) diode laser systems based on different external-cavity feedback techniques [10] [11] [12] [13] [14] [15] [16] . The monolithic dual-wavelength diode lasers show stable dual-wavelength operation, but the tuning range of the frequency difference of the two wavelengths is limited, and the output power is normally less than 500 mW [8] . Different frequency-selective elements have been used in external-cavity feedback techniques, such as bulk diffractive gratings for the double-Littman and doubleLittrow external-cavity techniques [10, 11, 14] , dual-fiber Bragg grating [12] , dual-period holographic element [13] , and single-wavelength volume Bragg gratings or monolithic multiplexed Bragg grating [15, 16] . The gain medium in the external-cavity dual-wavelength diode laser system is usually a single-mode ridge-waveguide diode laser, so the output power from these laser systems is normally a few hundred milliwatts. In a few cases, broad-area diode lasers are used as a gain medium, and more than 1:7 W output power has been achieved with fixed frequency difference [15, 16] . Because of the broad emitting aperture of broad-area diode lasers in the slow axis, these dual-wavelength diode laser systems suffer from poor beam quality in the slow axis.
In this Letter, a tunable dual-wavelength diode laser system with double-Littrow external-cavity feedback is demonstrated. To our knowledge, this is the first tunable dual-wavelength diode laser system based on a tapered diode amplifier. The tapered diode amplifier was chosen as gain medium in the dual-wavelength laser system based on the fact that it can produce relatively high output power (a few watts) and has good beam quality (with beam quality factor M 2 less than five normally) [17] . Compared with dual-wavelength broad-area diode laser systems [15, 16] , this is very important for applications, for instance as pump source for THz generation through difference frequency generation in a nonlinear crystal. The use of a double-Littrow external cavity makes the laser system tunable.
When single-Littrow external-cavity feedback is applied, an output power of 2:15 W is obtained at a wavelength of 801:43 nm, and the laser system is tunable from 786 to 813 nm with output power higher than 1:02 W, and the amplified spontaneous emission is more than 35 dB suppressed. When double-Littrow external-cavity feedback is applied, the frequency difference of the two wavelengths is tuned from 0.5 to 5:0 THz. More than 1:5 W output power is achieved with a frequency difference around 1:0 THz, the output power is higher than 1:3 W during the 5:0 THz tuning range of frequency difference, and the amplified spontaneous emission is more than 20 dB suppressed in the 5:0 THz tuning range.
The laser structure of the 800 nm tapered amplifier used in the experiment was grown using metal organic vapor phase epitaxy. As an active layer, a tensile-strained single GaAsP quantum well was used, which was embedded in an AlGaAs waveguide. The processed tapered gain device had a total length of 4 mm, a 1 mm long indexguided ridge-waveguide section, and a 3 mm long flared section. The tapered angle was 4°, and the output aperture was 210 μm. The rear facet was antireflection coated with a reflectivity of 0.05%, while the front facet had a reflectivity of 0.5%.
The double-Littrow external-cavity configuration employed is depicted in Fig. 1 . An aspherical lens (L 1 ) of 3:1 mm focal length with a NA of 0.68 is used to collimate the beam from the back facet in both fast and slow axes. The collimated beam is split into two beams by a cube 50=50 beam splitter (BS 1 ). Each beam is incident on a bulk diffraction grating, which is ruled with 1200 grooves=mm and has a blazed wavelength of 750 nm. The gratings are mounted in the Littrow configuration and oriented with the lines in the grating parallel to the active region of the amplifier. The laser cavities are formed between the gratings and the front facet of the tapered amplifier. A second aspherical lens (L 2 ) of 3:1 mm focal length with a NA of 0.68 is used to collimate the beam from the output facet in the fast axis. Together with the aspherical lens, an additional cylindrical lens can be used to collimate the beam in the slow axis and compensate for astigmatism in the tapered amplifier. A beam splitter (BS 2 ) is used to reflect part of the output beam of the diode laser system as the diagnostic beam; the spectrum of the output beam is measured in this beam. The output power of the laser system is measured behind the second aspherical lens. All the lenses and beam splitters are antireflection coated for the near-IR wavelength.
The laser is TM polarized, i.e., linearly polarized along the fast axis and perpendicular to the grating rulings; thus, the high s-polarization diffraction efficiency of the grating is utilized [18] . The temperature of the tapered amplifier is controlled with a Peltier element, and it is operated at 25°C in the experiment. The emission wavelengths λ 1 (from grating G 1 ) and λ 2 (from grating G 2 ) of the laser system are tuned by rotating the gratings independently.
First, the range of the wavelengths of the dualwavelength diode laser system should be determined. Thus, the output power at different wavelengths for the diode laser system with single-Littrow external-cavity feedback, i.e., removing the beam splitter BS 1 , is measured at an operating current of 3:5 A. The results are shown in Fig. 2 . The laser system is tuned over a 27 nm range centered at 800 nm. The output power is above 1:0 W over the 27 nm tuning range, and as high as 2:15 W output power is obtained at 801:43 nm. The optical spectrum characteristic of the output beam from the single-Littrow external-cavity diode laser system is measured using a spectrum analyzer (Advantest Corp., Q8347). A typical spectrum of the output beam measured at 801:20 nm with an output power of 2:13 W is also shown in Fig. 2 . The spectral bandwidth (FWHM) is 0:004 nm (the resolution of the spectrum analyzer is 4 pm), and the amplified spontaneous emission intensity is more than 35 dB suppressed.
According to the tuning curve of the single-feedback laser system shown in Fig. 2 , the gain center of the tapered diode amplifier is around 801 nm. Thus, the two wavelengths from the dual-wavelength diode laser system are tuned at each side of 801 nm. The wavelength λ 1 is the shorter wavelength, and λ 2 is the longer wavelength. The spectrum of the output beam of the dualwavelength diode laser system is measured at the frequency difference between the two wavelengths from around 0.5 to 5:0 THz. Three spectra with the frequency difference of the two wavelengths of 0.86, 2.60, and 3:80 THz are shown in Fig. 3 ; the operating current is 3:5 A. The amplified spontaneous emission intensity is more than 20 dB suppressed for all the three spectra. When the wavelength difference is less than 2:0 nm (around 1:0 THz), the side peaks appear in the spectrum and the spectrum is not stable. One lasing wavelength can be suppressed by the other, and the two wavelengths are switchable from one to another occasionally. This may be caused by the competition between the two wavelengths originated from the feedback from the two gratings. When the wavelength difference is more than 2:0 nm, the two laser beams with different wavelengths oscillate simultaneously, and normally the difference of the intensity of the two wavelengths measured in the spectrum is less than 3 dB.
The output power of the dual-wavelength diode laser system at different frequency difference is shown in Fig. 4 at an operating current of 3:5 A, and the corresponding two wavelengths are also shown in Fig. 4 . More than 1:5 W output power is obtained when the frequency difference is around 1:0 THz. The output power decreases as the frequency difference of the two wavelengths increases, since both wavelengths of the dual-wavelength diode laser system are tuned further from the gain center of the tapered amplifier. The output power of the dualwavelength diode laser system is higher than 1:3 W in the 5:0 THz tuning range of the frequency difference of the two laser wavelengths. At a frequency difference of 2:6 THz, the output power fluctuations are AE2:2% in 30 min. Compared with the single external-cavity feedback condition, the decrease of the output power for the dual-wavelength diode laser system is mainly due to the loss of the cube 50=50 beam splitter, BS 1 .
In conclusion, a tunable high-power dual-wavelength tapered diode laser system based on double-Littrow external-cavity feedback is demonstrated for the first time to our knowledge. The frequency difference of the two wavelengths is tunable from 0.5 to 5:0 THz. More than 1:5 W output power is obtained when the frequency difference is around 1:0 THz, and the output power is higher than 1:3 W in the 5:0 THz tunable range of the frequency difference. The amplified spontaneous emission intensity is more than 20 dB suppressed in the 5:0 THz range of frequency difference.
